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METHOD FOR CONTROLLING EAST/WEST
MOTION OF A GEOSTATIONARY SATELLITE

BACKGROUND OF THE INVENTION

This invennion relates to a method for sstmultancously
controlling the mean eccentricity and the longitudmal
(Eas1/Wesi} mouon of a geostationary satellite

A method for controlling the East/West motion of
geosiationary satellites 1s of interest due to the stringent
constraints imposed upon a satellite’s longitudinal mo-
tton by ground-based anmtennas The two methods of
orbnal control are referred 1o as North/South stanon-
keeping, which controls latnude excursions, and
East/West stationkeeping, which controls longitude
excursions Though 1t 15 undersiood that there can be a
cross-coupling effect during North/South stationkeep-
ng maneuvers, attention herein 1s directed to the
East/West control problem and neglects the effect of
North/South maneuvers in the East/West direction

With the mcrease of capability of the on-board pay-
loads on satellites, there 1s a proportional increase 1n the
power requirement of the payloads. The conventional
solunon s 1o entarge the surface area of solar paneis
artached to the satellize 1in order to increase recepuion of
available solar power However, increasing the surface
area of solar arrays enhances the perturbing force duc
to solar radiauion pressure. Specifically. the solar panels
act as sails driven by the solar wind with a force directly
proportiona! 1o the area-to-mass ratio of the saiellite

Perturbations caused by solar rad:atron pressure re-
sult 1n the change 1n the magmiude of orbital effects of
solar radiation pressure cause eccentricity magmtude 1o
vary with a yearly penod duning which ume the eccen-
tricity magmtude will grow o a value that may cause
apparent longitudmal motor (East/West motion) 1o
exceed the limits of the permissible deadband Eccen-
tricity appears as dally longitudinal oscillations about
the nomnal locatuon of the geostationary satellite as
observed from a posttion on the Earth

For geostationary sateliites. the mean longitudinal
acceleration 1> governed by the non-spherical effects of
the Earth and the gravitational effects of the Sun and
the Moon. In general, the Earth's tesseral harmonics are
the domnant contribution to the longitudinal behavior,
and thetr effects can be considered constant over longi-
tudinal vanations of less than 1 degree (< 1°). However,
for satellites near the Earth’s gravitanonal equilibrium
points, the iongiudmal accelerauon due 1o the Earth
becomes small in comparison to that due 10 the Sun and
the Moon It 15 of interest that there are two stable
equilibrium locations and two unstable equlibrium lo-
cations for satellites at geostanionary altitude The long-
tudinal acceleration caused by lum-solar effects domu-
nate the mean longitudinal behavior near the equilib-
rium points and have significant effects away from the
equibibrium pomnts (FIG 1) Therefore, an accurate
model of the Sun's and Moon’s effects on the orbitai
motion of the satellite must be used in order to target
the iongitude and longitudmal dnft rate needed to mti-
aie a proper free-dnft cycle for any arbitrary satellite
station location It is necessary to account for a longitu-
dinal acceleration that 1s not constant, bul which 1s ume
varying in magmtude and, for station locations near an
equiibrium point, in direction as well

In order to appreciate the vanabiity of longitudinal
acceleration, reference 1s made to FIG 1 which illus-
trates the long-penodic behavior of the longiudinat
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acceleration over a period of one month for various
station Jongiudes of an object 1n geoslationary orbi
The curves represent longitudmal accelerations in de-
grees per days squared (*/day?) The longitudinal accel-
eration 1s tme-varying with a period of approaimately
136 days This graph illustrates the complexity of
East/West stauonkeeping, especially near an equlib-
rium point 1n that at the longiudinal acceleranon can
change diwection Moreover, due to vanations in the
gravity at different positions on the Earth, the value of
the longitudinal acceleration will vary with the Earth's
longitude

An additional factor 10 consider 1s the solar radiation
pressure effects on a spacecraft. Effects due to solar
radiation pressure will perturb an orbit in such a way as
to move the eccentncity vecior perpendicular to the
Earth-Sun line and 1n the direction of the orbital mo-
uon If allowed to proceed naturally, this would result
In an eccentricity vector roughly describing an ellipse
with a peak magnitude possible greater than the allow-
able deadband and with a penod of approximately one
year Supenimposing the luni-solar effects onto ths
behawvior serves 1o distort the ellipse and to cause local
vanations 1n the magnitude and rotation rate of the
eccentnicity vector Depending upon the area-to-mass
rat1io of the satellite, the dally eacursions of longitude
could ecaceed the deadband by a sigmficant factor

The eccentricity vector exiends from the Earth to the
pengee The value ;15 eqoa! 10 [e sin{w)}. and the value
e; 15 equal to [e cos(w)], where w 15 the argument of
pengee FIG 21s a graph illustrating the mean eccen-
InCily MOtlon ex VErsus &, Over a ane-year penad 1o to
trdue 1o luni-solar gravirational effects and solar radia-
ton pressure The solar radiation pressure causes the
annual elliptical motion, and the solar gravitauon ef-
fects result i an ellipse which does not close over a
peniod of one year The smaller oscillations are primar-
ily due 1o the Moon's gravitational effects on the satel-
lite and have a period of approximately 13 6 days

In order to meet the constraints established for con-
trolling East/West stationkeeping of the satellite, the
mean values of longitude and dnft rate must be main-
tained to prevent any secular or long-penodic trends
caused by the Earth's and the lum-soiar gravitanonal
effects from allowing the daily longitude vanatons to
exceed the deadbands for a specified dnft period be-
tween maneuvers Furthermore, the mean eccentrnicity
vector (which 1s manifested as the daily longitude vara-
tion} must be mantamned below a preselected magmitude
so that when supenmposed upon the mean longitude,
the net, or osculating, longitude will not exceed the
specified deadband for the same dnft period Both of
these conditions must be met stmultaneously usmg the
same set of maneuvers while making efficient use of
propeilant.

A search of pnor art literature uncovered a number
of references, only one of which appears to address the
effects of the Sun and Moon on eccentnicity targeung,
although a few address the lum-solar effects on longi-
tude and dnft-rate targenng The following 15 a sum-
mary of the references uncovered and their relevance

M C Ecksiemn, “Stauon Keeping Strategy Test,
Design and Optimization by Computer Simulation,”
Space Dynamucs for Geostanonary Sarellites, Oct 19885,
Toulouse, France (CEPAD} This paper discusses sta-
tionkeeping with smali longitudinal desdbands The
luni-solar effects are inciuded by removing some of the
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deadband, that 1s, the effects due 10 the Sun and Moon
are connidered small, and a certain amoum of the dead-
band 1s budgeted to these effects This paper mncludes a
study on the result of a simulanion that simultaneously
targets eccentricity and longitude 10 mitiate a (ree-dnft
cycle and uses the Sun-Pomnting Perigee Strategy
{SPPS) to target eccentneity (SPPS 1s a method for
controlhng the eccentricity vecior by maintaining 1t 1n
the general direction of the Sun ) The 1argeting scheme
used therein excludes the Sun’s and the Moon's gravira-
tional effects on eccentncity This paper does not ad-
dress the possibility of a variable longitudinal accelera-
tion due to luni-solar effects, and it assumes that acceler-
ation will be constant in direction and magnitude This
results 1n a need (or an iterative control scheme requir-
ing some operator intervenuon This problem 15 ad-
dressed by the present mnventon

A Kame] and C Wagner, "On the Orbizal Eccentric-
ity Control of Synchronous Satellites,” The Journal of
the Astronautical Sciences, Vol 30, No | (Jan -Mar
1982), pp 61-73 Thus paper contains many of the fun-
damental ideas behind the current strategy The eccen-
tncity largeting sirategy therem used the Sun Pointing
Perigee Strategy (SPPS)} but only included the effects of
tine solar radiation pressure on eccentricity, thus exclud-
ing the luri-sclar effects The calculauon of the longiru-
dinal acceleration took nto account only the Earth's
gravitational effects (tesseral harmomics) The paper
also suggests allotment of the lunt-solar effects on ec-
centricily nio the deadband budget, thereby ughtening
the usable deadband and costing more propeliant The
present work represents an advancement over this sim-
pification, parucularly where the hmited deadband
constraints renders 11 unfavorable t¢ include the luni-
solar effects by removing part of the available dead-
band

C F Gartrell, “Simultaneous Eccentricity and Drift
Rate Control.” Journal of Guudance and Conirol, Vol 4,
No 3 (May-Jun 1981), pp 310-315- This paper de-
scribes a method for ssimulianeous control of eccentnc-
ity and drift rate using equauions which only take wnto
account solar pressure on orbit eccentricity The space-
cralt considered tn this analysis 15 quite small, so the
effect of solar radiation pressure on ¢ccentricity 15 not
large Thus, the maneuvers required to control drift rate
are not reguired to conirol eccentricity magnitude,
therefore, only one maneuver 1s required The maneu-
ver strategy 15 not generalized 1o N-maneuvers (where
N 1s an arbitrary number of maneuvers), and the equa-
tions do not consider the gravitational effects of the Sun
and the Moon in the targeting strategy

E M Soop, Jntroduction 1o Geostationary Orbuts, Eu-
ropean Space Agency (Nov 1983), Publication SP-
1053, pp 1-143 This work provides a fairly broad ex-
planation of orbital control of geostationacy satellites
Parucular atiention 1s directed to Chapter 7 relating to
longitude stationkeeping It discusses the Sun-Pomnting
Perigee Strategy to larget eccentricity and the use of
Two maneuvers to simultaneously target both dnft rate
and eccentricity 1n order 10 maintain the longirudmatl
deadband.

A Kamel et al, “East-West Stationkeeping Require-
ments of Nearly Synchroncus Satellites Due 1o Earth's
Triaxiahty and Lum-Solar Effects,” Celestial Mechanics,
Vol 8 (1973}, (D Reidel Publishing Co, Dordrecht-
Holland}, pp 129-148 This paper describes the equa-
trons for the disturbing function (which contains Earth's
gravitanuenal effects, as well as the luni-solar gravita-
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tional effects) This papers mdicates that by not mnclud-
ing the perturbations in the orbit caused by the Moon's
and Sun’s gravitatwonal effects, longitude and dnift rate
will be incorrectly targeied Eccentricily 1argeung 1s
not mentioned 1 this paper, nor was any strategy sug-
gested here which would achieve the proper target drift
and longitude Kamel has writien several papers which
contain a description of an analyuc solution addressing
the geostationary stationkeeping problem Not all of
those are discussed herein

D. J Gantous, “Eccentricity Control Strategy for
Geosynchronous Commumnications Satellites,” Telesar
Caoneda, May 1987 This paper describes an amended
Sun-Pointing Perigee Strategy based on earlier work of
Kamel and Wagner The author observes that the natu-
ral motion of the eccentnenty vector caused by the solar
radiation pressure and the lum-sclar graviational ef-
fects will have a linear trend, 1.e, the eccentricity plot
does not achieve a closed ellipse after a year (as can be
seen in FIG 2) The targetung strategy described
theremn accounts for this phenomenon However, the
targeting strategy does not consider the local vanations
due to the graviational effects of the Sun and the
Moon

J A Kechichian, “A Sphit AV for Dnft Control of
Geosynchronous Spacecrafi,” Af44/445 21st Aero-
space Scrences Meermg, (Jan 10-13, 1983), AIAA-83-
0017 This paper discusses the use of a two-maneuver
technique over a 24-hour period 1n order to maintain a
longiude deadband of *005° white simultaneously
contralling longitude and eccenincity The author dis-
cusses targeting osculating effects, whereas the present
invention addresses targeung mean values The author
concludes that his techmque will deviate from a speci-
fied deadband limut after only a few cycles

S Parvez et al, "Eas-West Siationkeeping Near an
Equiibrium Longitude at 105 Degrees West," AAS-
/AIAA Astrodynamics Specialist Conference, AAS-87-
545 {Aug [0-13, 1987), pp. 1-14. Thus paper describes
stationkeeping near a stable equbiorium point This
paper commented on the problems of predicting space-
craft longitudinal motion after a change in orbital veioc-
ity due to a requred attitude adjustment This paper did
not consider the lunui-solar effects and seemed mainly a
plea for an explanation for the apparently high sensitv-
iy of longitude motion to attitude maneuvers and the
lack of a predictable drift cycle

Vanous other papers were uncovered of less rele-
vance than those mentioned above Further, a search of
the Patent Office records relating to this invention un-
covered the following patents, none of which are par-
ticularly relevant to the problem at hand

U.S. Pat No 4,767,084 to Chan et al. uses momentum
unlaads to control stationkeeping There are no mstruc-
tions on how ta contral the arbit, and ths 15 a scheme
that may not be appropnalte for spacecraft with large
area-to-mass ratios because inadequate thruster power s
available

US Pat No. 4,521,855 1o Lehner €t al relates to
physically controlling the attitude of the satellie and

does not relale to stationkeeping

US Pat No 4,599,697 10 Chan et al also relates to
spacecrafl atntude control.

US Par Ne 4,537,375 to Chan also relates 1o atti-
tude control

US Pat No 4,776,540 to Westerlund relates to aty-
tude control of a sateilie 1o compensate for changes n
latitude
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US Pat No 4,837,699 10 Smay et al also relares to
attitude control, but in the conrext of a spinming satel-
Iite

In view of the foregoing, whal 1s needed 15 a generai-
1zed method for East/West stationkeeping and target-
ing of geosynchronous satelhites that uses an arbitrary
number of maneuvers and which takes nto account
lur.i-solar effects on both eccenincity and longirudinal
mohion

SUMMARY OF THE INVENTION

According 1o the invention, a method 15 prowvided for
East/West stationkeeprng of a geostahonary satellite
which maintains the osculating value of longitude from
exceeding a specified deadband for a specified dnft
penod between maneuvers Thus 1s done by calculating,
in a planning operation, the mean longitude, the mean
dnft rate and the mean eccentncily vector and deter-
muning the target conditions such that when station-
keeping maneuvers are performed, the osculating longi-
tude will remamn within the specified deadband over a
specified dnft period The target condwons are
achieved through a plurality of small maneuvers which
imitiate a period of free drft which lasts several days
During the free-dnft period, longitude remains withm
1ts deadband, and no additional maneuvers are needed
or are performed The method has the advantage that u
can take mnto account imitanions on thruster on-1ime by
allowing for a generahzed number of stationkeeping
maneuvers

The invention will be better undersiood by reference
to the followmg descnption in connection with the
accompanying drawings

BRIEF DESCRIPTION OF THE DRAWINGS

FIG 115 a graph of long-periedic behavior of the
longitudinal acceleration of an object in geostanonary
orbit about various station longitudes

FIG 215 a graph illustrating the mean eccentricity
motion due 10 luni-solar effects and solar radiation pres-
sure

FIG 3 1s a vectlor diagram for Wllustrating a Sun-
pomtng perigee strategy according 1o the invention

FIG 415 a diagram for 1llustrating change in eccen-
tricity n the y-direction corresponding to a change n
rotation

FIG 515 a diagram for illustrating a change 1n eccen-
tricity in the x-direction corresponding to the change in
magnitude

FIG 615 a dnft rate versus longiude diagram for a
five-maneuver, seven-day East/West dnft cycle

FIG 7 15 a dnift rate versus longitude diagram for a
four-maneuver, seven-day East/West dnift cycle

FI1G 8 1s a flowchart illustrating a method feor con-
trolling ecceptnicity 1n accordance with the invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS

To achieve desired conditions according to the -
vention, the total change i velocity vector AV re-
quired for eccentncity control is first determmed The
longnude and dnft rate targering scheme then splits the
total change in velocity vector into a plurality of ar "N"
maneuvers, each of which 1s sufficiently small so that
the daily or short-peniodic spacecraft Jongitudinal oscil-
lations about the designated stztion do not exceed a
predeiermined deadband In the particular scheme
adopted, special attenuon 1s given to the local vanations
due to lumi-solar effects Afier the “*N" maneuvers are
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completed. the free-dnft period begins which 1s based
on the long-period osollatons of the spacecrafl, herein
referred to as the mean parameters Especially during
the free-dnft period, the daily oscillations of longitude
do not exceed the deadband T1 15 desired 10 keep the
ennre East/West statonkeeping cycle duration to a
mimmem in order (o save propellent. but the cycle
should not be so short as to require daily maneuvers A
typical mimmum cycle 1s one week as an operahonal
convemence This cycle allows up to seven maneuvers
and sull permits an adequate free-dnifi period i which
10 venfy orbit parameters through the orbit determina-
tion process

FIG. 315 a phase space diagram for illustrating eccen-
tncity control based on the Sun Pointing Perigee Strat-
egy {SPPS) The Earth 10 1s located at the center of 2
constraint circle 12 having an eccentricity magnitude
E. specifying the desired stationkeeping constraint
Eccentneity 1s mitially referenced to an angle a, be-
tween an orbnal eccentnaity vector 13 and a hine 14
drawn berween the center of the seasonal eccentncity
ellipse 20 and the Sun 16 The Line 14 moves with the
annual progression of the Sun 16 to a final posiuon of
the Sun 16”. Therefore, the targeting scheme as ex-
plained herein 1s based on a predicted mean posiion 18
of the Sun 16" defined as a midpoint n time of the free-
drift pertod following the last maneuver The targeting
equations are referenced to an average Earth-Sun line
14’ Relative movemeni of the Sun 16 with time 15 West
to East (or counterclockwise in FIG 3) during 1ts an-
nual progression

Because of solar radiation pressure on the satellite,
the eccentricity vector, e, of the orbit 1s naturally dnven
perpendicular to the Earth-Sun hne and rotates m the
same direction as the orbital mouon The eccentricity
magnitude will grow 1o a seasonal value e, at & rate
dependent on the area-to-mass rano and the reflecuvity
charactenstics of the satellite

T1 15 desired to control the eccentricity of the orbir In
FIG 3, three states of the ecceniricity vecior e of the
orbit are shown an niual eccentricily vector e,, a tar-
get eccentncity e, and a final eccenincity es each of
which 1s referenced to the Earth as an ongin The iniual
eccentricity vector €; 13 leads the Earth-Sun hne 14
The targer eccentncity vector e, 1s driven in accordance
with the invention by a composite vector Ae (which 1s
greatly exaggerated 1n this diagram) to lag the Earth-
Sun hne 14 and to bring the targel eccentncity vector
e, within the constramt circle 12 (if not already within
the constraint circle) The final eccentricity vector efis
the result of disturbances caused by solar radiation pres-
sure and luni-solar gravitanional effects These effects
are represented by a seasonal eccentricity vector eft}),
shown in vanous forms as e(1), ex(t), and e At). It 15
displaced from an origin 20 10 an ongin 20° by the com-
posite change in the eccentneity vector Ae Its track is
represented as the onginal perturbed ellipse 22 and as
the final perturbed elhpse 22 as displaced by the target
eccentnicity vector, e; Ellipse 22 15 the natural path of
the seasonal eccentncity vector e Ellipse 22' 15 the
path e, will take after the Nth maneuver 15 completed. A
cusp 24 )s displaced by the forced disturbance, as indi-
cated by corresponding cusp 24° 11 15 the object of the
invention to maintain the track of the final ellipse 22°
within the constraint circle 12 at all tmes duning the
East/West stationkeeping cycle

Among the parameters which are monitored during
the control of the eccentncity are the magnitude and
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dircction of the angle between the eccentricity vector,
e, and the current ine 14, 14" or 14" The immial angle 15
a,, the target angle 1s a,, and the final angie 15 af The
final angle a/1s referenced to the final eccentricity vee-
tor and line 14" The sign of the angle indicates whether
the eccentncity vector leads (posiive) or lags (nega-
ttve) line 14

Maneuvers executed near the crossing of the semi-
latus rectum (1 e, when true anomaly 1s a1t £90°) wall
maximize the rotation of the eccentricity vector, e,
relative to the Sun while mintmizing the change 1n mag-
mtude of the eccentricity vector Maneuvers executed
near or on the line of apsides (1 &, when true anomaly 15
at 0° or a1 180°) will maximize the change 1n magnitude
of e while minimizing the change inrotation According
1o the invention, the maneuver strategy starts with peri-
gee pointing 1in a direction generally towards the Sun in
order to keep corrections to the magnutude of the eccen-
neny vector e small Therefore, East/West station-
keeping maneuvers mamnly 1ake place near the crossing
of the semi-latus rectum In this way, the eccentncity
vector, €, roughly tracks the Sun, and s made to Itbrate
about the Earth-Sun line, which s the basic idea behind
the SPPS

The maneuver sequence 15 mmnated with the eccen-
tricity vector, e, (FIG 3) leading line 14 by angle o,
The total maneuvers compnsing Ae are performed to
reset the larget eccentricity vector g Lo lag line 14 by
angle a; The effects of the solar radiation pressure and
the lum-solar graviational effects will naturaily drive
the eccentricity vectlor 10 esat angle arline 14" The
process 1s repeated 10 mamtam the eccentricity vector ¢
within the bounds E; of the circle of constraint 12 IT
eccentrnicity dnfts outside of the circle of constraint 12,
the daily longiude libranions may exceed the deadband
requirements In accordance with the mvenuon, the
maneuvers take into account the nime-dependent vana-
uons (24) on the eccentrnicity ellipse.

In order to prevent any one maneuver sequence from
becoming too large, hmits are placed on the amount of
permissible change 1n the eccentricity vector A coordi-
nate system is selected which will rotate with the aver-
age Earth-Sun hne (1e, 1t will have a period of approai-
mately one year) For a Sun Ponting Perigee Strategy,
the coordinate sysiem may be a Cartesian (x-y} coordi-
nate systemn wherein the x direchon (magnitude) 1s
along the average Earth-Sun hne (FIG 4 and FIG §)
and the y direction 1s in the orbit plane perpendicular 1o
the Earth-Sun line Changes n the x direction affect the
approximate magniude of the eccenincity vector, and
changes 0 the y-direction affect the approximate rota-
tion of the eccentnicity vector This coordinate system
1s interpreted in the above fashion only for non-zero
eccentnaity vectars that point in the generai vicimity of
the Sun, these conditions are appropriate for normal
operahional conditions.

Refernng 10 FIG 4, the two parameters that control
the rotation of the eccentricuy vector are E, and Ep,
which relate to the eccentricity constraint value E¢
The parameter E,, places an upper limtt on the amount
that the eccentricity can be translaled down relative to
the selected coordinate system 1o the average Earth-
Sun line and establishes the maximum rotation allowed
The parameter E.r1s a bias off of the average Earth-Sun
line which allows the method to slightly over targer

The average change mn eccentricny needed to targer
the y-direction only 15
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Aeyg, = 1(bey+ beyp) (1}
Thus, Aey,, 15 the change 1n eccentncity i the y direc-
tion from the initial ellipse 22 to the targer ellipse pro-
jected 1 the y direction By placing a himit on the
amount the ecceniticuy 1s allowed to ronate in order 10
meet the target conditions, the expression for the y
direction of the required change 1n eccentricity 1s

Be,= MINIMAX(~ Ecp. Aeyoy), Ec)+ Ect ()
This expression 1s illustrated graphically m FIG 4

F1G 5 illusirates the change v eccentncuty m the
x-direction, corresponding to 2 change in magmitude
Shown are the eccentncity value at the mudpoint of the
free drift cycle, emp, the change in eccentricity vector at
the beginning of the free drift cycle, ey, the change in
eccentncity vector at the final position 8ey; and the
scaled efficiency parameiers 7 and 7; The change
needed n the x-component of eccentricity 15 taken as
the difference between the x-component of the eccen-
trictty vector at the beginning of the free dnft cycle or
the x-component for the eccentncity vector at the end
of the free dnft cycle and the constramng value for
ecceninaity E. winchever 1s larger

Aey=MAX{beg— Eq Ei’xf—Ec) (3)
The ™o efficiency parameters are miroduced (o con-
trol the change 1n magnitude of the eccentnicity vecter,
these parameters are ) and 1 Since 1t 1s more efficient
10 locate the maneuvers close to the semi-latus crossing,
these two parameters bind the location of the firings
near the perpendicular to the average Earth-Sun line
Therefore, the allowed change 1 the x-component of
the eccentricity vector is

Ag,= MAX(—7" Aey MIN(M® Bey AFy)) (4)

Note that the allowed change mn the x-component of
the eccentricity vecior {measured in the rotating coor-
dinate system which rotates with the average Earth-Sun
line} 15 expressed as a function of the change in the
y-component of eccentricity This 15 to restrict the
amount of AV that goes into changng the magnitude of
eccentricity as opposed 10 changing us direction Mag-
nitude changes to eccentneity are inefficient, and there-
fore, are scaled by the rotation change.

Griven the components for the change required in
eccentnicity that achieve the proper target conditions
which wall imtiate a free dnfi cycle, the corresponding
value of the change in veloaity AV needed can be calcu-
lated by the square root of the sum of the squares of
eccentncity components

AV, ={"VPSORT e + Ay’ (%)
where Vis the orbital velocity at synchronous aititude
Finally, the location of the true anomaly for the first
maneuver (with all subsequent maneuvers located no
less than half a sidereal day apart) can be determined by

locating the inertial angle for the change in eccentricity
vector ‘The true anomaly, or angle 1n the orbit plane
from the penigee, for the maneuver 1s located on the hne
parallel to the Ae vector, noting that there are two
solutions 180° apart Care must be taken that the first
mancuver 1s placed n the vieimty of the mnial 1rue
anomaly provided 1o the East/West stationkeeping
algorithm The true anomaiy vp can be taken as.



5,124,925

9

vy=arctan(dey/Aes)— Egg 4 {6}
where Esgq15s the angle berween the average Earth-Sun
Ime and the mitial eccentnicny vector

The change 1n velocity AV, 1s subdivided 1w order 10
simultaneously contrel eccentricuy and longitude
Since 1n general the change in velocuty needed to con-
1yo) the ecceninicity vector 1s not the same as the change
in velocity needed to control longitude and drift rate,
two or three maneuvers are typically required If it 1s
then desired Lo perform the stanonkeeping maneuvers
in the on-orbit, or momentum wheel, control mode,
then the total change in velocity AV, required to con-
trol eccentneity may be further subdivided into a set of
smaller AV,'s These smaller AV,’s are chosen with
attention to the sign (indicative of direction of thrust)
relanve to the orbital velocity Thus 1s done 1 such a
manner that 1otal change in velocity allows eccenineny
10 achieve 115 target condilions

The other portion of the problem 1s determination of
the target condittons for longrnude and dnft rate It is
essential to control longitude within the constrants of
acceleration, 1t 1s important to recogmze that accelera-
uon will change 1n magnitude and may even change
direcion F1GS 6 and 7 are examples which illustrare
1he effects of AV maneuvers in the longitude and drifi
rate phase plane for two different inmal condions and
different directions of longitudinal acceleration F1G 6
illusirates an odd-number of maneuvers, namely, a 5-
maneuver, 7-day cycle. wherein the ordinate axis 1s dnift
rate 1n degrees (East) per day and the abscissa 1s longi-
tude in degree (East) relative 10 a station location at the
origin, and where the maneuvers are symmetric about
each axis Referring to FIG 6, the nme from point 0 10
point F 15 the Easi/West stattonkeeping peniod The
free dnft peniod Ppis the period from the completion of
the last maneuver (point 5) to the final point F 1n this
example, the longitudinal acceleranion 1s negative The
sum of the change in velocities for the lve maneuver
example is given by

AVe= AV AV —AVy+aYs—aVs M
where each AV, carries 1ts own sign

The maneuvers are shown for the case where the
total change tn velocity to control eccentricity AV, 15
greater than the change 1n velocity to targel longiude
and dnfi rate AV p, as indicated by the aliernatung direc-
uons for the maneuvers shown in both FIG 6 and FIG
7 Otherwise, the maneuvers will not alternate direction
il performed each 4 day

The kinematic equation relating to the maneuvers of
FIG 61s given by

AN=AQI0 LA, dr* AL+ T, /dri* (ard) /2 {8)
where the summanons X are from 1=0101=N—1 ex-
cept as noted otherwise heremnafler, for example N=35,
and A 1s longitude, ats first denvative with respect to
time dA/dt 15 the longitudmal rate and 1ts second derniva-
tive d2h/di? 1s the drift acceleration The time At, 15
nominally 4 day between maneuvers, but may be mnteger
muluples of § day

The above equation can be rearranged to place all
unknowns on one side of the equation and to allow the
?quanon 10 be expressed more convemenily n matnix
orm

0
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10

—an 4 Zda/dr An = — Ay~ Zdlardir AP0 9
where the unknowns are all placed on the left-hand side
of the equation

The unknowns 1n matrix form for the N=35 eaample

are thus

X=[As. dhysdr dhp/ds, dha/dr diasat, dhsidi] (10)
where the target longitude 1s As, the target dnft rate is
dhs/dt and the mtermediate dnfi rates are di;/dt,
diysdt, dhi/sdt and dhg/dr

Shaping parameters may be introduced to control the
relative magmtudes of the intermediate longitudes A,
and dnft rates dA,/di between successive maneuvers
Rewnting Equauon (5) yields

Edh, /a1 Aty= AAp3y, — 2T sditv (a2 )2 (1

where Xy,_Lfori=11c N=1 (I
which represents the shaping parameters

Re-expressing Equauon 7 1o terms of sums of dnfi
rates and rearranging to place all unknowns on one side
of the equarion yields

23(— 1Ydh/dt + (= DM dhp/dl = (13)

= 6wBATS* VS| AVec| —E(— D'@?N,/did™(Ar)

where
T 15 the rauo of the sidereal day 1o the solar day,
V; 1s the synchronous (two body) velocity, and
B 1s the sign (+/—) used to keep track of the direction
of the change of velocity
The foregoing equations may be expressed 1n matrix
form for any number of maneuvers In a system having
dual axis symmetry as in FIG 6, an odd or even number
of maneuvers can be required An odd number of ma-
neuvers assures dual axis symmeiry The foregoing
equations may be expressed i matnix form as follows

(14)

(15)

’-o 21 22 -1
0 o o 0 0 1
—1 Arp A An Al O
A= g1 +v) Ay An 0 0 O
—(r2—%3 0 4z an 0 0
Luh’!-‘-‘n) 0 0 An A ©
(16)
[
tﬂ|/d!
dAs/dt
¥ =
dhy/dt
dhy/dr
Ld?\s/di
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~-continued
a7n

EmBATS V) A Vol — E(~ 1)'@A/dri*(an) — dhg/dr
—4 Qarditp
—hp — EdA/d AN = 14)
—Ag71 + y2) — da¥hsdilan? = day/dRand)
—Rolyy + 13} — Hdlay/dr?Aant + dPhvditAn?)
—Aglys + ya) — dd¥aysdrtan? + dtagsdrant)

FIG 7 shows a diagram of maneuvers in the iong-
tude and dnft rate phase plane for a 4-maneuver exam-
pie, 7-day cycle The ordinate 1s dnit rate tn degrees
(East) per day and the abscissa 15 longiiude 1s 1n degree
(East) relative to a station longitude located at the on-
gin Note, the maneuvers are symmetric about only the
drift axis example and the longitudinal acceleranion 18
positive

Equation (18) guarantees symmetry about the dnft
rate axis (Arg=—Af)

2hA+ AN /I (Pp+ 7= —~d £ AR (Pt T )02 (18)
where Ppis the free drift penod, 7 15 the ume required
to transthon from target conditions to turnaround con-
ditions (A71s), dia/dt 1s the target dnft rate and
dia2/di?1s the mean daily acceleration averaged over
the free dnft cycle

The free dnft penod Pps the period from the com-
pletion of the last maneuver {potnt 4) 10 the final pomnt
¥ The sum of the change m velocities for the four
maneuvers Is given by

AVe= — AV|+AVI-AV1+AV, (19)
where each AV, carries its own sign In this case wn
single axis symmetry, the matrix equations for the target
longitude Agare given as follows

Ax=8 (20)
where
21
Q -2 2 -2 1
2 Q e 0 o+t
4=1-1 Ay An A O
~(y1 + %) An Anp 0O 0
—ly2 =90 0 A A @
(22}
Ay
di1/dr
x = | dizrdr
dhy/dt
diysde
23)

G BATS* V) A Vee| — £(— VYA, /12" (81) — dhgsdr
—dBN AP + Y

—Ag — {3\ Adan0 = 1.4)

=307t + v2) — {tdihsdfan? 4 dPhysdlan)
—dlyz + 1) — WhyrdilAn? 4+ dagyrdltAnd)

In order to execute the desired maneuvers, the fol-
lowmg inpuis are needed
Cycle length (in days, such as 7 or 14),
Statron longitude,
A table of unperturbed eccentricity components (e;, e,)

5

0

w

20

q
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50

55

65
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subject 10 solar radiation pressure, Earth gravita-
tional effects and the luni-solar graviational effects,

A table of unperturbed longitudes and dnfi rates (in the
absence of maneuvers). subject to the Earih’s gravia-
tional effects and the Jumi-solar effects,

Initial true apomaly 1n the approumate locanon of the
first maneuver {vg),

Imtia) mean dally longitude and means datly dnifl rate
Longitudmal acceleration 15 not constant aver the

free dnft period so that symmetry about the drift rate

axis (FIG 6 or FIG 7) cannot be achieved 1n reality

Because the longitudinal acceleration 1s not constant i

15 averaged agawn over the penod of free-dnift cycle By

domg so, off-line 1terations by an operator 1o account

for lum-solar effects 1n the targenng scheme are not
required, as the techmique described above produces
very accurate results without operator intervention

These functions, called eccentncity targeting and
longitude and dnft rate targeting, are implemented by
way of example 1n a digital computer executing the
programs EWMNVR and ECNSTR disclosed m Ap-
pendix A attached hereto The subroutine ECNSTR 15
called by EWMNVR 1t determines the change n ve-
locity required for eccentricony to achieve us target’
conditions which will mamtain eccentnicity below its
constraint value for the entire East/West cycle ume and
calculates the exact time of the first maneuver It also
provides the true anomaly for the first maneuver (which
1s converied into ttme of the first maneuver)

FIG 8 15 a flow chart for ECNSTR Called from
EWMNVR (Step A), ECNSTR calculates the unper-
turbed eccentricity magnitude at the beginming and end
of the East/West cycle (EO. EF) (Step B), then calcu-
lates the Average Right Ascension of the Sun over the
free dnfi cycle (AVSRA) (Step C). Thereafter it calcu-
lates the nght ascenston of the eccentricity vector at the
begimming of the free dnft cycie and at the end of the
free dnft cycle (EORA, EFRA) (Step D), then 1t calcu-
lates the projecuon of the eccentricity vector onto the
Average Sun-Line at the beginning of the free dnft
cvcle and at the end of the free dnfi cycle (DEOX,
DEOY, DEFX, DEFY) (Step E). and then calculates
the change 10 the eccentncity vecior required to meet
targeting constramts (DELEY and DELEX), restrict-
ing the change 1o values dictated by 7 and 2 (EFF1
and EFF2) in the x-direction and EUPL and ELWL 1n
the v direction (Step F) It then calculates the change in
velocity (DVEC), deterriming 1t from the required
change 1n eccentricity (Step G} Finally, it calculates
the true anomaly of the first maneuver (F1) based on the
location of the mmtial eccentricity, located wn the same
half plane (Step H) before returming to the calling pro-
gram (Step I)

The above techmque 15 intended to provide East/W-
est stationkeeping within the maximum value of its con-
stramnt with a minimal expenditure of propellant and no
off-hine operator intervention. It 15 not suitable for sta-
tion acquisition [t takes mto account the constrainis on
eccentnety and size of the longitude deadband.
Whereas previous techniques have attempted to lump
many of the uncertainties into the deadband, the present
mvention takes some of these into account, such as the
luni-solar effects, in order 1o reduce fuel usape

The invention has now been explained with reference
to specific embodiments Other embodiments will be
apparent to those of ordinary skill in the art 1t 1s there-
fore not miended 1hat the iInvention be imited except as
indicated by the appended claims
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APPENDIX A

SUBROUTINE FRMNWR (YR, DY, NMAN, BWPER , STALON, [L2M [LARD, BBRG,
& EXF1, EFF2, BLPL, LKL, EX, EY, L, T2, STEPF, STEPR, [ETM)

EASTHEST FIRTIONKEEPTING MANEIVER PIANNING ALGCRITHM

Progran Descripticn
Sizes the deltaV's far the Nmanavers required to perfomm similtansous
drftrate and ecomtricaty coroul subject to the followving constrants.
1. B Dretion Limitations corresponding to
- L (beginming of 11fe)
~ N {nomipal)
- iDL (end of lafe)
2. lonmtirdinal Dead-barxd
3. East—est Statiankecping Pericd
The nurber of mapsuvers mey cange fram the user specfied value subnect
to aarpatibility wath geametric omstraints and limitations on the bam
dmation (foar wheel mode cpetatams) .

Inputs are amsidered to be mean alaments
Units are 1n radians, radians/Gry, amd meters

IMPLICTT REAL*B(AH,0-2), DNTEGER*4(I-N)

& JEDIUST/ N,NML, DT, TDME(20) . IV{20) , BURNT(20, 3) , IOVERN, F1,

& /SPECS/  BWPD,PD, IVEC, EMRR, EMAX, PST B,

& JEFCCH/  DRYO, YERR, XD,

& AOTION/ Y20, XLADO , IS, XL ( 20), XIAD{ 20) , AT 20},
& /DATRD/  PI,TWPI,RATEG,

& /BERL/  TPRNT EIV

DIMENSION CELV(20) ILAM(L) ,IXAD(L) EX(L} EX(L), XIAMX(20)
DIMENSICN G2MMA(20),A(20,20),B(20) , LilTRK( 20) , S{ORK( 20)

LAY anxd OLAD are the averace values far lengitide relative to the
statin location and draft rate over the propagated free drift cycle
EX and EY are the average values for eccemtryaty cnpments over |,
the free drift cycle.

Cren mnary BRAWVR anput Hile
CPEN{6, FILE~'ERWR.CUT' )
Coversuon factors

PI = INTS(~1.[0)

WPl = 2.[0*P1

RATES = PI / 180.I0

SOTAY = B6164.09030
SOLDAY = 86400.D0
M = 3.9860044(D+14

Fotatiog rate of Earth expressed 1n radians per solar day
WE = TWPI * SADAY / STIDAY

o ASYND" = (G / (WE/SOLDRAY)**2)#*(1.D0/3.D0)

VSYNC = ASYNCWE/SLDAY

TSYNC = SIIDAY/SCLOAY

oaaagn

Input
Calender Year
Tay from Janary 1
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my =[x
c Desired number of manenvers
N = NMAN
c Totnl time for manaver scenanno (including manevers)
C Half a day 15 added to the manaver cvele tame to ensure
C overlap in the determnaticn of ansistent 1mtial aoditions
BFD = BPER + .3D0
c Statin lonpbde
XIASS = STALON
c Loppitide devaation from statin loomtide
AN - TRy
c Drift rate in radAday
XLATO = DLATX1)
c Half of total desxd barnd to be uged (exclubss uhcertalnties)
BaR = EMARG
C True apamoly input should be ansisent with initial gearetry
c output over wntes the input and is location of first menauver
F1 = Th
c longitide Control parameters. PSI is the sizing pararster
c wuch detenmnes the relative sizes of each suressive
C set of mnaners (heicht). RY is the rate at whch the drift
c rate agproades the target cxditions (wadth).
ps1 = STEFF
™ = STEPR
c Hard dead band for loomtide in radians
LoDy = 0D0RATESG
C
C
c
o Eroch day (umts of aolar days since start of epoch year)
C Examples:
C thoms Jan 1, EAR=1969 —> DAYD = 0.0
c 12~mm Jan 1, YERR=1990 —> TAYD = 0.5
c O-hags Jag 2, YEAR=1991 —)> DAYD = 1.0
c Lo Jan 2, YEAR-1992 —) DAYO = 1.5
c Coostagt tine between mapeuvers of half a sidereal day
or - OIS
EFD = IMINL (BWFD, 35.I0)
c
c Determne epoch right asoensicn of satellite (XJD0 is the Julian Day
c to 2o 1 Jan 1900, 1.e., 0.5 days into the year 1900)
X0 = 2415020.00 >
XD = XJDO + 365.D0%(YERR ~ 1900.00) +
& DINT{ {YEAR — 1901.00) / 4.00 ) + .50 + IAYD
c
o Beta flag 15 waed 10 idemdifyang the imtial geometry
HETA = SIN(L. IBIN{(-F1))
c -
c CCLELLCECLLCLLLCLLECLLLLECELLLCCECIIIININIIIIIIDIIIIDIIIIININIDIINININNIMY
cC
30 NN = N
LIMIT = MIN{ 16, 2*NINI(EWPD) — 4 )
IFr { N.GE. LIMIT ) RETURN
C
c Calculate manamer times and duation of free drnift periad (solar days)
=} » BWPD ~ [EIE(N-1)*0T
ro40I =1, N
40 TIME(I) = [AYD + DHIE(I-1)*DT
TIRE(N+1) = DAYD + BRFD
C
c Calavlate the average of the meandarly loomtidinal aceeleration foar the
c untenwediate drift aratims ard for the freednft penad
C A axl OUAMD are sent 1 12 day increments
IDS0OK -1, NI
X2 =Kl +2
S0 XLATD{KL) = AVGMD{ 2 DO*DT,[LAY, O A0, K. K2.L )
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C Free drift penad
Kl =N
K = MIN[ (KIHNINT{2*PD)) ,L)
XLATIXN) = AV PD,0O0a4,0IAD.KL, K2, L )
C
c Flag m carry the mgn of the mean lamtrhnal aceleration
ETA = -SIGN{ 1 DO, XI&IIXN) )
c
C . Comute Delta-Vec for ecoemtmaty amtrol ard oorrect the troe acmaly
c of the first hum (subseqemt homs are spaced 1n tame by OT)
CALL ECNSTR( EX,EY,EFF1,EFY2.ELPL, EIML, L, EETA )
C
c DeltaV used for wpat into main program
EIW = DVEC
c
C Lenntide Soft Dead Bapd at desired tirm arord anditams
C Hard dead hand minus mecamum eccentricity
c Allow softdesd band lonmtide o carry 1ts cen samm
[ELSB = DABS( XLON¥ - 2.00*EMAX ) * CETA
c
C Set ture of zero dnift rave crossing, imtial guess for “drop in*
C Start with symetmic conditions and iterate TaU which is the twme untal
c timmaround ar drift rate egual to zero Iratial guess.
TA =~ . OPD
c
NL=N+1
Ml =N-1
C
C L LI R0 2000033000000 30000 3300003030000
c
c Constrict caronents to the equapion: (A]X = B
C
c CLLCCCLLCLLELCLLELCCCLLCCCCLLCCLLEOIIRIDININDINIIRIINIBIININIBIIINIININD
NINI = 0
C Determune wenghting parameters for cartrol cycle shapirg
X =(N-2)/2
Sl = 1.0
D80 =1, IMAX
80 SIGRAl = SIRAl + R
X - N-3) /2
sz = 1.I0
D90 I =1, IMAX
90 SIA2 = SIQ¥A2 + Rirrl
GAMMA(L) = 1.10 / (SIQ®l - PSI*SIGAL)
GAMAA(2) = -PSI*GAMMA(L)
001001 =3, Nil
GRTMA(L) ~ RMGRMA(I-2)
100 ONTINE
Cc
C load the amstraint vectnr B
S - 0.00
S22 = 0.00
MU0 I=1 NI
SML = SML + AR I)*((-1.D0y==I)
110 SH2 = SM2 + XIAMIXI)
c
c Cout purber of interation
115 NINT = NOONT + 1

IF ( NXNT .GT. 10) THEN
N=N+1
WRITE(*, ' (//,A39,/,A36,13,/.839,/,A39. /1 ")
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SR s Rt i aassatatat ittt idds b ol '

& ]

& ' Number of Manexrvers Incremented to !N,

& ' to satisfy Dead Bard (onstraints Y

E 1 tll’.".l‘tll‘ll‘.t“t“*ﬂlil'“'t'l’“l"
@ TO X

ENDIF

1 fference betwen mean-daily target longzbucde arrd the anitial meaorda by
loptade, imtial guess far “drop int solutaon,

=w E|E‘I‘E!It 1 *hk
B{l} = (6.DO*PI*EETR/{TSYNCXVSYNC) *IVEC — DI*SUML — XIa00
w2t Floment 2 e .
B(2) = 0.50 * XLALIXN) * (PD**2 + TALM*2)
v Floment 3 w»w
B(3) = -XLAM/OT — . D0DT*S2
=rt Rgraimng Elaments =
IF (N .GT. 2) THEN

IF ({(N2)*2 .ED. N) THEN
If mmber of manamers 1s even
12 -aN-2
3=3

s
If nuber of mnarers 1s aid
Bi4) = -XLAMD{N} * TAU
I2=N-3
LI=4
ENOIF

ml2I=1 12
B(I+L3) = (-XLAD/DOD*( GHMA(I) + GRMA(IL) ) -
& LSOOI ¢ XIAMTX D) + XLAMIX I+1) )

ENDIF
load the narzero elawents of the N X N matrax [A)
IO 140 I =1, M1
14T =1, ML
ALYy =00

vy Pyrst oW RRY
mnl1s0Jg=2, N
A(L,Jy = 2.D0%((-1.D0y**(J-1})
A{L NHLY = (-1 DOy *=N
rrx Soryryd ITW FrY
a2,y =200
A(2,N+1) = PD + TAU
wrs Third Roaw w=w
a(3,1y =-1.Do/7
MINI=2, N
A3, 1y ~1I
LT 2] m-rgumn; Rows *vn
If outber of mepavers is odd wall have symmetric cycle
IF ((N2)*2 NE. N) THEN
A(4,N1) = 1.0
BENDIF
14 =13 +1
o170J =1, 12
A(l4,1) = (~=1.DO/T)*{ GWMMA(IA-L3) + GRMA{IA-IH]) )
AfIA,J+1) = 1.0
A(LA,J#2) = 1.I0
14 ~14 +1

Salve the system of linear equations: [A]X=B
{rote metrix [A) amd vector B are destroyed)
CALL GMISST(A,LET, 20, M1, LORK, SiDRK)

CALL SANVE(A,20,N+]1, LiRK, B, XLAMX)
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C Load target longitide and antermediate drift rates
XIAM(NYy = XIAX(1)
IDIWI=1 N
ARD(I) = XLRK(I+1)
150 ONTTNLE
c
c Set target anditims
XLAMT = XLAM(N)
XIAOT = XLAMNN)

Qumpute intemrediate Jonqrtides based an intemediate drift rates
Note that XIAY(N) 15 also computed here
XWA(1l) = A0
D20 K=1, N1
L0 XIAUKH) = XAYHK) + YLAD(K)*DT + . SDOSXLAMIDY(K) *0r=e2

nNnao

Check far ccovergancs’ co TAU based on 1ntermediate vaules
TAICAL) = TAJ

“Update tuimm aroud time

T =~ DEORT( 2.D0 *DABS( (IAM(N) — XLAMTA) /AN )
TAU ‘m SXIAMOT [/ XLAMD(N)

o 00

C Update oum arord arditions based an target caditions
XAMTA = XIAMT + XIXDDTAU + . D0 XLAMD(N) *TAL]

FPs =~ DARS{TAID — TAL)
IF ( 8°s .GT 0.01)y@TO 115

c
IF ( DABS(XIAMIR) .GT. DABS({IELSTE) .CR.
& SIEN(1.D0, XLAMIR~CETR) LT. 0.DO0 ) THEN
N = N+l
ENDIF
IF { N .NE. NN ) GO T 30
c
c

WRITE(6,1117) N
1117 FORRT(* *== ', 12 )

c

C Compute final longitide and draft rate
XLAM{NHL) = XLAM(N) + XLAMDXN)*PD + . TO"XLAMD(N) "FD==2
XLAMD(NHLY = XIAD(N) + XLAMD(N)*D

Qompute the correspadirg delta—V's and thrust bum times for all three
phases of the satellate's 1ife

CALL DELTAV

CALL, [ELTXT

o000

1, N
VSN + DAES(DV(I))
BRNGM). + EURNT(I,1)
BRNSR + BRNT(I,2)
BRNI3 + BURNT(I, 3) .

DM
B
BRNS2
250 i 310 3 ¢

1f thruster eonstyaints are violated increment mnter of manawers by 1
arg loop back

IF (IOVBRN .ED. 0) @ TO 2535

N=N+1

m('l'(/'mf/fmf/TMG’IBF/’ml//)')

ann
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13333 3T Ll il 2 i ittt it dddddst &) '

5 1
& ' Thruster Constraints Violated ',
& ' Namber of Maneuvers Increrented to LN,
& 1 ATEEE R ATNARRANREAR AT RN R R ANCAAR AR |
@ TO 30 ™

c

C Calailate the approqmate change 1n the eccentracty vectar crertation and

C . 1ts mxmtre geperated by the menauver strategy

255 (ONTINE ; ’

c
RN = N
TA =Tl
o260K -1, N

[ELV(K) = DV(K)
260 (NTINE
C
C

Qnprt sammary
IF { IPRNT .EQ. 1 ) THEN
(ALl PLIFTL

WRITE(6,1600) XLAMS/RALES, TAU, CELTE/RALES,
& DVEC, XILAMT /RALTFG

1600 FIORAT( ' — Intermediate Comutationss —',/,

&' Statin loomtide 'L 102013, /s

&' Partial cycle time- TAU = ', 1PCR0 13, /i
&' Longitude Soft head Band = ',1PER0.13,' (degrees) ./,
k' DelizVec = '1PCR0 13, (mysec) "/
&' Target Mesn Ienmibade = ',1PR0.13," (degrees) L)
WRITE(6,1700)

1700 FORMKT(,///,T3,123¢'-"),/, T30, 'Lonqntadinal Motian',

£783, 'Amn Duratimn per Delta-v',/,

673, 'Index' , TL1, 'Tame’ ,T21, 'Lonqptude’ , TM, 'Draft Rate',

&7, ' ooeleration ', T63, 'Teltay' , T8, ' {ml lisemmis) ',

§T114, 'True Acareldy',/,

615, '1",T10, '{days) ', T2, ' (dexmees) * T35, ' (deg/day) ',

§T47, ' (deg/day=*2) " ,T6l, ' (Meters/sac) ',

T80, 'R’ T4, 'NOM*, 1107, 'EOL' , TL16, * (degrees) ', /,T3,123( ' ="' ))

WRITE(6,1810){, 0. D0, XLAMO/RATTES , XI A0 /RATTEG, F1/RALTEG

m 210 I1=1,N

20 WRITE(6, 1620) I, TIME( I} -DAYC, XIAM( 1) /RACLEG, XLAMDY 1)/RAXEG,

& XLAMIX 1) /RNTEG,DV(I), {BURNT(1,K) ,K=1, 3)

1810 FORMNT(2X,13,1X,1P010. 3,2(1X,1PD13. 63, 71X, 3D10. 3}
1820 FORMRT(ZX,13,1X,1P010. 3, 7(1X, 1PD13. 6))

WRTTE(6,1850)NP1, THE(NP1)—DAYD , XTAM(NPL ) /RACCEG, XLAM{NP1 ) /RALLEG

1850 FORMAT( DX, 13,1, 1P010.3,2(1X, 1PD1 3. 6))

WRITE(6, 1900)DVSLM, BRNSML, BRNGYZ , BRNG3

1900 FORMAT(T3,123(°.'),/,T3, 'Sun’ T2, 4 {1, 1PD13.6), /,

& T3,123('-')
2100 FORMRTY3(1X,1PE20.13))

ENDIF

RETURN

END

nOonnn

oRsNoNaNp]

REAL*S FINCTICN AVMD(CELT, [LAM, AN, ILK, L)

Qopute averxge of the long-pemiod longitdinatl accelevation due to
gravitaticnal attractucn of the Sup, Earth, and Moon acoss the tame
wnterval [T1,72]. 'I‘m'emomesgnﬂstq‘ﬂ'eepcd\tme

DPLICIT REAL*B{AH,0-2) , INTEGER™ [ I-N)
DIMENSION [LAM(L),[LAMD(L)
Units are in radians/day=+2

Longindiml acceleraticn 1s detenmined by differentiating
~ 2 quatiratic approametion to the uperhurbed mtam provaded
by mmerical averamng.



e Ns RN N Ne e ReNesRe e Ke]

9]

e M2 ao0nn

QOO

5,124,925
25 26

AVRD = 2.D00( ILAM(K) — OAa(1) - TADTEATKI) ) / [ELT™2
FETURN
BD

SURRCUTINE EENSTR{ EX,EY,EFF1,EFF2,EIFL, B, L, BETR )
TPLICTT REAL*B(A-H,0~Z), INTEGER™ ( I-N)
DIMENSICN EX{L),EY(L),S{3)

Petermine the tangential deltaVec requred to rotate the ecoenmtracity

vector (by the necessary amount) and the true apamly for firing whereby

1ts magmtde 15 reded to IC (the croular onstraint value),
EFFl AD EFF? are efficiency cortrol parameters pertaining to the
location of the mEnauers relative to the true anamly. The closer
the menarver is the tnee anamly of 270 ar 90 degrees, the more
the eccentTacity vector 1s simply rotated, ard the more efficient
maparver. EPL axd ELAL are the upper and lower Jamts ecostricity
is allowed to vary per maneuver seqence. The lower limit produces
a mnimum size hom and forces eccermtricity to rotate in the desired
directien enly. ‘The ugper lumt prevents oo large a change in
ecotTicity per ManeuveT SEQETCE.

QN /SYNG/ ASING, VSO, TSR,
/RIUST/ N,NML,DT, TIME(20) ,DV{20) , BURNT(20,3) , IOVBRN, F1,
/PEsS/ BWD,PD,DVEC, EMAR, EMAX, PST R,

:
£
g
5

Eccentricity oonstraint dependent coly on ecventricity margin
|3 o = 50 » PR

Imtial mean eccertricity (DAYD)

E = DSORT{ EX(1)**2 + EY(1)**2 )

Ecceptricity at the begimning of free drift cycle {T0)
T0 = [RAYD + DIYDELE(N-1)
EO = DERT( EX(N-1)*72 + EY{N-1)**2 )

Ecceritmicity at the end of the free drift cycle (IF)
TF = DAY + BD
EF = DEORT( EX(L)*=2 + EX({L)**2 )

The average rigt ascesyn of the Sn through the free drift cyele
SOATE = XID + .S00=( BaD + DIMEE(N-]) )

CALL SN({ SHIE, S )

AVSRA = DATANZ( 5(2), S(1) )

Right ascensicn of imtial ecoamricity vectr

ERA = DATANZ( EY(1), EX({1) )

Agle between average Sur-lipe and the Anitial ecoeriricaty vector
ESRA = ERA - AVSRA

ESRA = IMIX ESSA + 3.D0*P], TWPI )} — PI

Right asension of the emcdntricity vector at the begimning of the
free drift orcle

BORA ~ DATANZ{ EY(N-1), EX(N-1) )

Agle babvesn average Sun-line and the ecoantxicity wector at
the begiming of the free drift cycle

EQSRA. = ERA - AVE=RA

EGSRA = [MD( EOSRA + 3.D0*PI, TWOPI ) — PI

Right ascension of the eccentricity vectar at the end of the
free drift cycle

EFRA = DATAND( EY({L),EX(L) }

Agle between average Surlire and the fipal ecoattrncity vector
EFSRA = EFRA - AVSRA
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EFSRA = M EFRA + 3.DO*PI, TWPL ) - PI

Projectaon of the eccentricaty vectar at the beggning of the
iree drft permcd onto the aversge Suarhie

[E0X = EOMITS( EOSRA )

[E0Y = BODSIN( EOSRA )

Projectacn of the fimal eccertricaty vector aoto average Surline
IEFX = EF*TX0S( EFSRA )
IEFY = EPTSIN( EFSRA )

retemmﬂedmmemam:nﬂtyrm;bdmnuattheomtmlms
= .50 * { IECY + [EYFY )
EHEY = MIN({ MAX( —F1LHL, [E1EY ), BUPFL ) + EINL

IEIEX = MAX{ IEX - EC, [EFX - EC )
[EIEX = MAX( -Ef¥l * [ELEY, MIN( EFY2 » [EIEY, [ELEX ) )

Delta¥ requred to change eccentricity anly
DVEC = 500 ® VSINC » [BCRT( [ELEX*2 + [EIEY**2 )

Detenmine the true anamoly for the first mapauver relative to the
mmtial ecoanricaty

TAF =~ DATANZ({ [FIEY + 1.[-7, IFIEX ) - ESRA

HM = PI+ ETAr* 300PI

Fl - MIX TAF — HEM + 4.3D0*PI, PI ) — .5"PI + HEM

Determene the right ascensicon of the Sun at the banmning of the
free drift cycle

QALL SN{ WDHTTHE(N1}, S )

SRR = DMIRNZ( S(2), 5(1) )

Determae the right asoemsicn of the Sun at the exd of the
MRnANET SEEe.

QALL SN{ XIDHWD, S )

SFRA = DAOWNR( S{2), S{1) )

'Iarget anditions for ecosmtricity

EX(N-1) — { IELEX*IXCS(AVERA) - [EIEYIBIN(AVSRA) )
EY(N-1) - { [ELEX*DSIN(AVSRA) + DELEY'DXDS{BVERA) )
DECRT( ETH**2 + ETY=*2 )

IRTANZ{ ETY, ETX )

EI'!'
ET
EIRA

Detprmire mEUMUN ecertricity betwaon the target conditaons
and the previously detEmmines meoQimum ecoamtIicty
EMAX .- MAX( EO-TELEX, EF-{EIEX )

Initial rescnance amgle
ALPHAD = [MID{ EIRA — SIRA + 3.DO'PI, TWPI ) - PI
Final resomance amgle
ALRBF = [MIX EFRA — SRA + 3.D0*PI, TWPI ) - PI

IF (| IPRNT .FD. 1) THEN
WRITE(6,100) F1/RMIEG,DVEC,E,EF,EOSRA/RATES  EFSRA/RATEG
FORT(' *»* ',19.1,F12.4,Z14.6,2ZF10.1 )

WRITE(6,110) DAYD,E,T0,ET, ETRA/RATED, SORE,/RALLEG,
& 'IF EF, EFRA/RALTEL, SERA/RALLEG,
& ALPHRD/RATFG  ALPHAE /RALTER, F1/RALLEG

Lol oI - O - W
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' Fipal Eccenmtricaty

' Fimal Bocoemimicity Aogle
Final Sn Agle

Imtial Resnance Angle

' Final Rescpaxe Amle

' True Mamly far Bum

| IR N O B I |

> Ohhr

ENDIF
RETURN
D

SUBROUTINE PLITIL

Generate a data file for plotting the lonptdinal phase plane
(approametely 1000 points),

DPLICIT REAL*S({AH,0-2) , INTEGER*4 { I-N)

& /RDJUST/ N,NML,DT, TDE(20),DV(20) , BIRNT(20, 3}, IOVERN, F1
5 J/SPECS/  BePD,PD,IVEC, AR, EMAX, PST, R,

s JEFOY/  DAYO, YEAR, XD,
&
&

00

MOTION/ XLAMO, XLAMDO, XLAMS , XLAM( 20) , XLAMD{ 20) , XLALIN 20),
/DRTRD/  P1,TWoPI, RACLEG
DDMENSICH XLAMI(20)

mB‘WID.pl:IrI\IrIPI'IHI,IAI,IS',IP"'L"'A';'N',
& |-|’|0|r|0|r|0./ .
DA INR A/

INR - TNCR + 1
- INCRO =INRR /100 .
FNAME(13) = CHAR(48 + INTRD)
RO = (INR - (INCR/100)*100) / 10
FNAME(14) = GHAR(48 + INRO)
INRO = INR — (INCR/103*10 - (INCR/100)=100
PNRE(15) = CHAR(48+INCRO)
CPEN({9, FILE~F1NA'E)

c Integration tame 1ncrament
STEP = BW¥FD / 1000.D0
IMRQ = IT / STEP
IMAQ = PD / STEP

o Initialize to the starting lengitide apd drift rate
XAMI(1) = AAY
WRITE(%,1000)TTE(1)-DAYD, XLAMI (1) /RATEG, XLATO /RATEG

Propacgte motion dming the intemmediate/free drift by using the
averae lonqitidinal acoelerations
MR - MG
mwa20J=1, N
IF (7 .ED. N) DX = DMAR2
ICWI=-1, IMX
[FIT = [ELE{I-1)*SIEP
XTADI = IA1NJ) + XATD{J)*TELT
XIAR = XIAMI(J) + AD{J)TELT
& + . SORXLAMID(J) *[ELT=*2
10 WRITE(9, 1000)TIME(J)HLELT-DAYD, XLAR/RNYIEG, XLADI RATEG
FI.RNDQTIL
XML = XIRD{J) + XLAMIXJ}*DT
XLAMI(J+1) = XIAMI(J) + XLAD(I)™MT + ,SOOSXLACD{J) *DI*=2
© T;a%(g,looo)mmmp—mm,muﬂ)/m,mu&m
15 VRDI = XLAD(N) + XLATD(N)*PD
XIMMI(NHL) = XLAMI(N) + XLAD(N)*D + . OIAID{N) *Fm e

s Re N ]

30
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WRYTE (9, 1000)TIME, N+1)—DRYD, XLAMT (N+1) /RATEG, XLAMDL/RATEG
CNTINE

COSE(9)

1000 FORMATY 3{1X,1PE20.13))

c

naoaon

10

oo

10

ann

RETURN
END

SUBRCUTINE [ELTAV

solve far the delta¥'s curespoding to the intermediate drift rates
just followang a mepaver.

IMPLICTT REALAS(AH,0-1) , INIEGER*4 (IN)
& ADTIER/ XLAN, XLATO, XLAMS, XLAM(20) , XLAMDX(20) , XLATD{20),
& /NDJUST/ N,N4L,DT, TIME(2X0) , DV(20) , BURNT( 20, 3) , IOVERN, F1,

s /ONTRD/  PI,TWOPI,RATEG

(CETE = -VSUNC*TSYIC / (6.D0*PI)
V(1) = (CEFF={XIAMX1) - XLAO)
0,10 I=1.N1 .
V(I+1) = CEFPOAD(I+]) — XIAID{I) — DI"LAD(I))

<RETURN

END
SURCUTDE LELTAT

Covert deltaV's into thrust baon tunes for all three phases of the
satellite's Iife {i.e., BOL,NOM,BCL).

IMPLICIT REAL*8{AH,0-2) , INTEGER*4 [ I-N)
(IMN /MR PI,TWPI,RATEG,

5 /RUST/ N.Nfl,DT, TIME(20) ,DV(20) , BIRNT{20,3) , JOVERN, F1
DIMENSION THRUSTY{3), 14(3)

DATA THRUST/ 21.230,20.0800,18.9200 /,

& » / 1501.2100,1363.4900, 1225, 7700 /,

& TIMRX/ 500.00 /

Moamm allowed tame for thrust duration is set at 500 mms
Over-tumn flag far alam aordition

IOVERN = O

Required thruster bhurn time per deltayY (millesecwds)
CEFFT = M. SD0*RAITEG
Only lock at pommal life

miloLFeE=1, 3
LFE = 2
WISC = WA(LIFE)
Compute effective thrust
TEFF = 4 DO*THRUST(LIFE) *DX0S(CEFYT)
0 10 I=1,N
HRNI(I,LIFE) = DABS((DV/(I)*XSC / TEFF)*1000.D0)
IF (ARNT(I,LIFE) .IE. TIMAX) @@ TO 10
IOVERN = 1
QNTINE

RETURN

BN

SUBROUTTNE GASST(ALET, IA N, L,5)

Perfopms farward elimination phase unm matrix [A)

DPLICIT REALAB{AH,0-Z) , INTEGER*4 ( IN)
DIMENSION A{IA,NY,L{N),5(N)
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mlNI=-1N
L{Iy=1
S{I) = 0.0
D10JF=1, N
TP = DARS(A(I.J))
10 5(1) ~ DMRXL(S(I),TEP)
Nl =N-1
DWK= l; N
REX = 0.D0
D20V I=K N
R = DABS{A(L(I) K)) / S(L(I))
IF (R .IE. RAX) @ TO 20
J=1
REX = R
20 ONTINE
IK = L{J)
L(J) = L{K)
L{K) = IX
KPl=X+1
ICXWI=-KI1,N
LT = A(L{I).K) / MIK.K)
A(L{I),K) = XIr
[D30J =K1, N
30 A(L{I),J) = A[L(I}.J) - RMLITAIK,J)
CET = A{L(1),1)
D 40 I= 2.! N
40 IET = DET * A(L(I),I)
RETURN
BN
SUBROUTTNE. SOLVE(A,IA N, L,B,X)
Processing of vectar B and evaluation of solutyon vector X
IMPLICIT REAL*B{AH,0-Z), INTELER*4(I-N)
DIMENSICN A(XA,N) ,L{N) ,B(N) ,X(N)
Nl =N-1
010 J-1,810
JPL=J+ 1
0 10 I~JPL,N
B(L(I)) = B{L{I})) — A(L{I),J)*B(L{J))
X(N) = B(L(N}) / A(L(N),N)
ID 30 I~1, N1l
NIPL=N-1I+1
SM = B{L(NIP1-1))
[0 20 J=NMIF1 N
SM = SM =~ AML(N-1),J*A(T)
X(N-I) = S / A(L{N-I),N-T)

RETURN



5,124,925

as

Wha 35 claimed 15
1 A method for controlling East/West motion of a
geostationary satellie 1 an orpin characterized by a
mean eccentncity vector, said method comprising the
steps of
largeting means eccentricity of said orbit such that
total change it velocity of said orbi for said satel-
Iite places a 1arget mean eccentricity vector at a
first state which will result 10 2 subsequent means
eccentricity vector within a specified tolerance
during 2 penod of free drift, thereafier
targeting means longitude and means dnift rate of said
orbit as a function of change in said 1arger mean
eccentncity vector and mean longnudinal acceler-
aton, said mean longitudinal acceleranon wnclud-
mg bimonthly variational effects due to Earth,
Moon and Sun gravuational effects such that total
longitude (East/West motion relative to a station
on the Earth) 1 constramed within a specified
deadband,
apporuioning said 1o1al change in velocity 1o a plural-
ity of changes mn velocity 1o control Jongitude and
dnift rate of said orbit, and
umparung said changes i velocity 1o said orbw i a
pluralny of maneuvers by said satelhie and provid-
ing specified wart nmes berween said maneuvers in
integer muluiples of one-half day to ahiain said first
condition
2 A method for controling East/West mouon of a
geostaticnary satellite 1n an orbit charactenzed by a
mean eccenificlly vector, said method comprising the
steps of
targeting means eccentricity of said orbit 1n a current
conirol cycle such that total change 1n velocity of
said orbit for said satellne places a target mean
eccentricity veclor at a first state which will result
1n a subsequent mean eccentricity vector within a
specified tolerance duning a peniod of free drift,
thereafter
targeting mean longitude and mean dnit rate of sad
orbit as a function of change in said target mean
eccentricity vector and mean longitudinal acceler-
ation 1n said current control cycle, such that otal
longitude (East/ West molion relative to a station
on the Earth) 1s constrained within a specific dead-
band.
apporuoning said total change in velocnty to a plural-
1ty of changes in velocity to control longitude and
drift rate of said orbit 1n said current control cycie,
and
imparting said changes in velocny 1o said orbit 1n said
current control cycle i a piuralny of maneuvers
by said satellite and providing specified wait times
between said maneuvers in Integer muluples of
one-half day to attain said first condition
3 The method according (o claim 2 wherein said
imparting step comprises at least three maneuvers and
wherein there 15 an odd number comprising at least
three of sa)d maneuvers 1n order 10 guarantee dual-axis
symmetry in a phase piane of longitude versus drift rate
10 maximize use of said deadband
4 The method according to claim 2 wherein said
imparting step compnses at Jeast four maneuvers and
there 15 an even number of maneuvers 1 a case where
there 15 a reversal in direcuion of said mean longirudinal
acceleration near an equilibrium pomat n an orbit due 10
Ium-solar effects and m order to guarantee dual-axis

36

symmetry 1n a phase plane of longitude versus dnift rate
to maxumize use of said deadband
5 The method according to claim 2 wherein said

Imparting step comprises at least {wo maneuvers in a
5 casec where there 15 a reversal in direction of said mean
long;tudinal acceleration near an equilsbrium pont in an
orbit due to luny-solar effects

6 The method according 1o claim 2 wherem said
\mparting step compnses at least 1wo maneuvers in
order to puaraniee smgle-axis symmetry in a phase
piane of longitude versus drift rate 10 mmmize the
number of maneuvers with symmetry about a dnft rate
axis

7 The method according to claim 2 wheremn said
mean ecgentricity targetng siep and said mean longi-
tude and mean drifi rate 1argeting step each further
compnses selecting an arbitrary stationkeeping period

as an wpul.
8 The method according 1o claim 2 wherein said

targeting steps include determining targel condittons
such that conditions favor subsequent statonkeeping
cycles
9 A method for controlling East/West motion of a
geostauonary satellie in an orbu characterized by a’
mean eccentricity vector, said method comprising the
steps of
targeting means eccentnicity of sad orbit by deter-
mining said targe! means eccentrnicity vector to lag
an average Earth-Sun line, said average Earth-Sun
line being the location of the Earth-Sun e at a
mudpoint in tme aver a penod of free dnft such
that total change in velocity of said orbnt for said
satelliie places a largel mean eccentricity vector at
a first state which will result 1n a subsequent mean
eccentricity vector within a specified tolerance
durtng said peniod of free drift, thereafier
targeung means longitude and mean drift rate of said
orbit in a current contral cycle as a function of
change in said target mean eccentricity vector and
mean lengitudinal acceleration, such that total lon-
gitude (East/West monon relatzve to a station on
the Earth) s constramned within 2 specified dead-
band:
apportioning said total change in velocity to a plural-
ity of changes in velocity to control longitude and
drift rate of said orbit in said current control cycle,
and
imparting said changes in velocity to sard orbrt in said
current control cycle in a plurality of maneuvers
by said satellile and providing specified watt times
between saxl maneuvers in integer multiples of
one-half day to attain said first condition
1) A method for controlling Easi/West motion of a
geostattonary satellite 1n an orbit charactenzed by a
mean eccentricity vector, said method comprising the
steps of
ltargeung mean eccentricity of said orbit by calculat-
mg an orbual ephemens for a future East/West
stationkeeping penod to obtam a table of orbiral
elements versus time, smd orbital ephemens -
chudes a force model of solar radwation pressure on
said satellite, gravitational effects of the Earth.
gravitationa) effects of the Moon and gravitational
effects of the Sun under conditions where lum-
solar effects dominaze said deadband m order pre-
serve propellant such that total change in velacuy
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